We present initial results obtained during the course of a Phase I clinical trial of 2-1[hexyloxyethyl]-2-devinylpyropheophorbide-a (HPPH)-mediated photo-dynamic therapy (PDT) in a head and neck cancer patient. We quantified blood flow, oxygenation and HPPH drug photobleaching before and after therapeutic light treatment by utilizing fast, non-invasive diffuse optical methods. Our results showed that HPPH-PDT induced significant drug photobleaching, and reduction in blood flow and oxygenation suggesting significant vascular and cellular reaction. These changes were accompanied by cross-linking of the signal transducer and activator of transcription 3 (STAT3), a molecular measure for the oxidative photoreaction. These preliminary results suggest diffuse optical spectroscopies permit non-invasive monitoring of PDT in clinical settings of head and neck cancer patients. 
Introduction
Head and neck cancer arises in the regions of the oral cavity, oropharynx, larynx and salivary glands [1] . Several treatment options that afford excellent tumor control are available including surgery, chemotherapy, radiation therapy or combinations thereof [2] . In spite of improvements in treatment schemes, they have their limitations. For example, surgery may require resection of vital functional tissue such as part of the tongue. Chemo and radiation therapies may induce permanent vasculature dysfunction and necrosis, severe toxicities and irreversible injuries to non-tumor tissue such as the oral mucosa and the salivary glands, often resulting in morbidity and severe impairment of patients' quality of life. Further, normal tissue injuries may lead to changes in applied dose quantity, and/or treatment re-schedule, which may affect treatment efficacy.
Photodynamic therapy (PDT) is an emerging treatment option for head and neck cancer. PDT has been successfully utilized for early stage head and neck squamous cell carcinomas of the oral cavity and larynx, with a high degree of preservation of vital organ functions such as speech and swallowing (reviewed in ref [3] ). Since PDT is a local therapy, it is expected to induce fewer adverse side effects compared to conventional systemic therapies. It can also be applied repeatedly should a single treatment fail [3] . The efficacy of PDT is largely dependent on the hemodynamics of tumor blood flow, oxygenation, and photosensitizer (PS) uptake and photobleaching [4, 5] . Tissue oxygenation is a central component for PDT since in the presence of oxygen, the PS initiates chemical reactions, which results in cellular and vascular damage in targeted tissue. Tissue oxygenation is greatly affected by functional vascular parameters such as blood flow and blood oxygenation. Functional contrast of vascular parameters may change during PDT and these changes may be useful early biomarkers for therapy outcome and planning. Therefore, it is important to monitor functional vascular related biomarkers that may affect PDT efficacy. Diffuse optical methods allow assessing these markers fast, repetitively and non-invasively, and therefore have significant advantages for monitoring PDT.
In this report, we present changes in hemodynamic parameters and drug photobleaching as a response to 2-1[hexyloxyethyl]-2-devinylpyropheophorbide-a (HPPH)-mediated PDT in a patient with a squamous cell carcinoma of the oral cavity. HPPH is a second-generation PS developed at Roswell Park Cancer Institute (RPCI) with an absorption peak wavelength of 665 nm, which allows enhanced tissue penetration depth, and with less prolonged skin photosensitivity compared to Photofrin [6] . HPPH has been used at RPCI in treating dysplasia in Barrett's esophagus and in lung cancer [7] . We have initiated a Phase I clinical trial of HPPH-mediated PDT in head and neck cancer patients to determine the maximally tolerated dose. Non-invasive diffuse optical methods were incorporated for monitoring and potentially correlating changes in measured parameters with the PDT response. To our knowledge, this is the first clinical study of HPPH-mediated PDT on a head and neck cancer patient with assessment of functional multi-parameters of blood flow, oxygenation, blood volume fraction, HPPH drug concentration and fluorescence in the same clinical setting. Our non-invasive measurements are supported by cross-linking of the signal transducer and activator of transcription 3 (STAT3), a molecular marker of accumulated PDT dose [7, 8] . One parameter alone may not be a strong indicator of PDT response and multi-parameters assessed by diffuse optical methods potentially may provide accurate real-time measure of PDT responses and reevaluate treatment plan accordingly [9] .
Methods

Measurement protocol
The patient treatment and measurement protocol was approved by the RPCI Institutional Review Board. The lesion treated was a T1 squamous cell carcinoma of the hard palate. The patient received HPPH in dextrose 5% (D5W), 4.0 mg/m 2 infusion over 1 h. Approximately 24 h later, non-invasive measurements were done in the operating room minutes before and immediately after he received treatment light (125 Joules, 150 mW/cm 2 , 665 nm; 3 cm diameter treatment field). The light source for the PDT treatment was a Coherent dye laser pumped by an Argon ion laser (Spectra Physics), and the light was delivered by a single quartz lens fiber. The treatment beam was centered on the lesion with the beam diameter slightly larger than lesion diameter. Noninvasive measurements were performed just before the PDT treatment light and biopsy, and just after the treatment completed and before the second biopsy. The total measurement times were about 5 minutes before and after PDT including signal testing and adjusting, discussion with a surgeon for probe positioning and multiple measurements at different site locations.
Diffuse optical methods
A schematic of the clinical system is shown in Fig. 1a . Non-invasive measurements were done sequentially in the order of blood flow, reflectance, and fluorescence. Diffuse Correlation Spectroscopy (DCS) was utilized to monitor blood flow as described previously [5, [9] [10] [11] [12] [13] [14] [15] [16] [17] . To date DCS has been successfully employed in the therapy monitoring field, such as PDT [5, 18] , chemo-radiation of head and neck [9] , and chemotherapy of breast [19] . The blood flow instrument had a 785nm, long coherence length laser (CrystaLaser), four photoncounting detectors (Perkin-Elmer), and a custom built autocorrelator board (Correlator.com) (Fig. 1a) . The source light was delivered to the tissue by a multi-mode source fiber. Four single-mode detector fibers were used to collect the light. Photodetector outputs were fed into a correlator board and resulting intensity autocorrelation functions and photon arrival times were recorded by a computer [5, 9] . From the normalized intensity autocorrelation function, g 2 (r,τ), the diffuse electric field temporal autocorrelation function (g 1 (r,τ)), was extracted by using Siegert relation [20] , g 2 (r,τ) = 1 + β|g 1 (r,τ)| 2 . Here, r is the source detector separation, τ is the autocorrelation time delay, and β is a constant related to experimental parameters such as detected number of speckles. In our analysis we obtained β ~0.5 by fitting but it could also be obtained experimentally from the intercept of g 2 (r,τ) as the delay time τ approaches zero. It was shown that the electric field autocorrelation function satisfies the correlation diffusion equation and one can extract analytical solutions in reflectance geometry similar to solutions obtained by solving diffusion equation [21, 22] . It can be shown that the temporal decay rate of the electric field autocorrelation function is a function of optical parameters and αD B , if one assumes the effective blood flow speed is characterized by effective diffusion coefficient (D B ) for the blood cells [11, 14, 19] . Here, α is the probability that a scattering event in tissue is from a moving scatterer, and is roughly proportional to tissue blood volume fraction (BVF). Therefore, αD B characterizes blood flow and higher decay rate correlates with higher blood flow (Fig. 2a) [11, 12, 22] . It should be noted that optical parameters were obtained by diffuse reflectance measurements and supplied as prior information in quantification of blood flow related parameter. In this report, we introduce rBF for blood flow changes due to PDT: rBF is a blood flow parameter measured relative to its pre-treatment value, i.e. rBF = BF post /BF pre . We assumed our system was ergodic, which may not be true in reality; more generalized schemes of non-ergodic systems have been investigated recently [23] [24] [25] . Fig. 1 . Schematic diagram of the instrument and fiber optic probe. a) The combined DCS, DFS and DRS setup with fiber optic probe. DCS consists of 785 nm laser, single photon counting detector (SPCD), a custom correlator (Corr), and a laptop (PC-1). DFS and DRS mainly consist of a dual channel spectrometer, 410 nm blue laser and a whitelight source. Data acquisition card (DAQ) switches the blue and whitelight sources via a laptop (PC-2). b) Diagram of source-detector fiber configuration. bfs: the blood flow laser, d1,..d4 are DCS detector fibers, wls: white light source fiber, bls: blue light source fiber, bld: blue light detector fiber, wld: white light detector fiber. The distances between bfs-d1, bfs-d2, bfs-d3, and bfs-d4 are 0.6, 1.2, 0.8 and 1.6mm, respectively. The distance between wls-wld is 1.6mm and that between bls-bld is 0.8mm. c) Diagram of the fiber optic probe. d) Picture of the probe.
After blood flow measurements, the second laptop initiated consecutive fluorescence and reflectance data acquisition by utilizing TTL switching via a data acquisition card (DAQ, National Instruments). In absorption mode, broadband diffuse reflectance measurements were taken by exciting the tissue with tungsten halogen lamp (Ocean Optics) and collecting the light with the Master channel of a two channel spectrometer (Ocean Optics). In fluorescence mode, a 410 nm laser diode with 4mW laser power (Power Technology) excited the HPPH in Soret band and the Slave channel of the spectrometer collected the HPPH fluorescence above 500 nm. A hand-held probe secured the source and detector fibers of the instruments. The probe had a single large ferrule holding all the fibers (FiberOptic Systems, Inc.). For source and detector fibers, 400 µm, multimode fibers were used except for the detector fibers of the blood flow instrument, wherein 5 µm single mode detection fibers were used to collect only a few speckles in the investigated tissue. Source detector separations were 1.6 mm for reflectance, 0.8 mm for fluorescence and 0.6, 0.8, 1.2 and 1.6 mm for DCS (Fig. 1b) . The total probe diameter was 5mm and the wall thickness of the probe was 0.5mm. The probe tip was angled by 45° (Fig. 1c, d ) and the probe face was polished at an angle of 8° for better contact and to minimize specular reflection in the oral cavity. The probe tip was sterilized with alcohol before and after each measurement. The probe slightly touched the tissue surface to make good physical contact. Due to time constraint in the operating room (OR), three repeated measurements were carried out from normal tissue (outside of the treated tumor area) and three (pre-PDT) and five (post-PDT) independent measurements were taken from tumor tissue to investigate the statistical power and repeatability of our non-invasive measurements. Independent measurements were obtained by putting the hand-held probe each time at slightly different spatial positions.
For the analysis of reflectance data, background subtracted tissue reflectance was normalized by a diffuse reflectance standard (Ocean Optics) to obtain measured normalized reflectance (Fig. 2b ). An analytic diffuse reflectance modeling [26, 27] and LevenbergMarquardt (lsqnonlin, Matlab) algorithm was utilized to fit the model to experimental data. We assumed absorption coefficient, µ a (λ), composed of linear contribution from blood, water, and HPPH absorption: [28, 29] . A multi-wavelength fitting algorithm that fits all 798 wavelengths in the range of 520 nm to 820 nm simultaneously was applied to directly extract bvf, StO 2 , C HPPH , A, b [30] [31] [32] . Water contribution was assumed small in this wavelength range and wf was fixed to 0.70.
For the analysis of diffuse fluorescence spectroscopy (DFS), the fluorescence signal intensity was normalized by the acquisition time of CCD and background subtracted tissue fluorescence was normalized by diffuse reflectance spectra [33] [34] [35] [36] . Normalized tissue fluorescence (Fn(λ)) was modeled as linear contributions of HPPH fluorescence (F HPPH (λ)) and autofluorescence (F af (λ)) [35, 37, 38] :
(2) Here C HPPH and C af are spectral amplitudes of HPPH and background autofluorescence, respectively. HPPH fluorescence spectra basis was obtained by measuring HPPH in a cuvette and autofluorescence basis was obtained by averaging five independent measurements from a patient prior to HPPH administration (Fig. 2d) . Figure 2c shows the representative measured tumor fluorescence having HPPH fluorescence spectra component between 600nm and 800nm wavelength range with a peak at 668nm and background autofluorescence component, which possibly originated from several endogenous fluorophores such as collagen, elastin, keratin, and reduced nicotinamide adenine dinucleotide (NADH) [39] . In our analysis, measured tissue fluorescence data from 600nm to 800nm were fitted (lsqnonlin, Matlab) to extract C HPPH and C af and changes in C HPPH due to photobleaching is reported in the Results section (Fig. 3e) . 
STAT3 crosslinking analysis
A tumor biopsy was taken from the PDT-treated region for Western blotting (Fig. 3f) within minutes after non-invasive optical measurements were completed. The oxidative cross-linking of STAT3 as a function of photoreaction in the treatment field was determined as described elsewhere [7, 8] . Briefly, the tissue sample was homogenized and extracted proteins were separated on 6% SDS-polyacrylamide gels. The proteins were transferred to nitrocellulose membranes and reacted overnight with antibodies to STAT3 (Santa Cruz Biotechnology). Detection of immune complexes was performed by using enhanced chemiluminescence (ECL) (Pierce Chemical). ECL images were recorded on X-ray films and pixel values at each band were integrated using the ImageQuant TL program (Amersham Biosciences). PDTinduced cross-linking was expressed as the percentage conversion of monomeric STAT3 into the dimeric complex I. FaDu (human hypopharyngeal carcinoma) cells, treated in vitro with 200 nanomol/ml HPPH and 3 J/cm 2 of 665 nm light, were used as positive control. Figure 3a shows that mean tumor blood flow (rBF(%)) decreased by ~85% whereas normal tissue did not show such a trend. Reduction in blood flow was accompanied by corresponding changes in blood volume fraction (BVF (%)) and blood oxygen saturation (StO 2 (%)). We note from Fig. 3b that the mean baseline value of BVF (~2.9%) is close to previously published data for the head and neck tumors in oral region [32] . After PDT, BVF decreased to the level of ~1.7%. We also observed a decrease in normal tissue but to a smaller extent. Changes in normal tissue may be due to physiological fluctuations in the OR during PDT and/or due to tissue sampling difference during our point measurements before and after PDT. Our data showed significant decrease in mean tumor blood oxygen saturation (StO 2 (%)) after PDT (Fig. 3c ) from ~76% to ~36%, but StO 2 in normal tissue was fairly constant. These results suggest that HPPH-PDT induced significant vascular changes in tumor tissue, confirming previous observations of vascular disrupting effects by HPPH [40] . Another useful parameter for monitoring PDT is to monitor changes in the PS. PS preferentially accumulates in tumor tissue compared to normal tissue [41] . During PDT, PS may photobleach due to several possible mechanisms (e.g. generation of singlet oxygen) [41, 42] and PS photobleaching may play an important role in determining deposited PDT dose [41] [42] [43] . HPPH drug uptake could be quantified by analyzing reflectance spectra. As Fig. 1d shows, reflectance spectra exhibited a small dip at ~665 nm, at HPPH absorption peak above 500 nm wavelength (above Soret band) region. Multi-wavelength fitting algorithm allowed simultaneous quantification of absolute HPPH drug concentration and vascular parameters. Our results (Fig. 3d) showed higher HPPH uptake in tumor compared to normal tissue. The tumor to normal tissue ratio of the drug uptake was ~2.3, a value that is within the previously published range [44] . After PDT, HPPH drug concentration at the tumor site decreased due to photobleaching by ~41%, whereas normal tissue drug concentration was similar to the pre-PDT value.
Results and discussion
We also utilized the sensitive technique of fluorescence spectroscopy to assess PS photobleaching in vivo [37, 41] . Figure 3e indicates normalized HPPH fluorescence amplitude (C HPPH ) was about ~2.8 times higher in tumor compared to normal tissue before PDT, and exhibited a decrease (~56%) due to photobleaching, supporting the HPPH concentration data obtained from diffuse reflectance measurements. The slight differences between diffuse fluorescence and reflectance trends may be due to differences in drug accumulation in different layers of oral tissue, light penetration, source detector separations, and optical properties.
We have shown previously in preclinical models and biopsy material obtained from nonsmall cell lung cancer patients that conversion of STAT3 monomer to STAT3 crosslinked complexes is related to accumulated PDT dosage and can be a quantitative biomarker of cellular killing [7, 8] . Tumor analysis showed maximal STAT3 conversion to cross-links of ~25% with a median of ~12% [7] . Biopsy tissue analyzed from this patient showed 19.0% STAT3 conversion (Fig. 3f) , suggesting an effective accumulated PDT dose.
This study particularly focused on the changes in functional parameters due to PDT, but it may also be valuable to look into a possible correlation of pretreatment levels and PDT efficacy in the future. If we compare between tumor and normal tissue, we see that tumor hemodynamic parameters were similar to normal values at pretreatment. It is believed that malignant tumors normally show higher blood flow and blood volume and lower oxygen saturation [45] . Certainly it is not easy to make conclusive remarks from one patient data but there may be several possible explanations. It is possible that normal tissue measured away from the tumor and treatment area was not representative of normal tissue adjacent to the tumor. In our ongoing studies we will measure a region close enough to tumor tissue so that it will get PDT treatment light but also far enough so that it can safely be regarded as normal tissue. It is also possible that the depth and the thickness of the tumor were small so that DRS and DCS probed more stroma tissue below the tumor compared to DFS, which probed superficial tumor in a greater extent due to its shorter source-detector separation and wavelength. Differential path-length spectroscopy, a technique for preferential detection of superficial photons at shallow depths, has shown significant differences in StO 2 and bvf in oral mucosa [46] , bronchial mucosa [47] , and breast tissue [48] . In general, it would be beneficial to have a depth sensitive probe with variable source detector separations as demonstrated recently [49] . Depending on its stage, it might happen that this tumor did not have contrast in vascularization but had higher StO 2 . A high level of StO 2 may have therapeutic benefits since oxygen is required for PDT.
In this study diffuse optical measurements were done at two time points: just before and just after PDT treatment. It is desirable to do concurrent, real-time measurements during PDT and a while after PDT. Previous studies showed that real-time measurements during PDT can provide predictive information [5, 18, 35, 38, 41, 43, 50, 51] . It is possible to "filter-out" the treatment light during non-invasive measurements to extract noninvasive parameters during PDT. However, concurrent measurements are a real challenge, because optical probes might introduce a risk of interrupting treatment light and time constraints for fine adjustments for both treatment and measurement inside the OR. Compared to flat surface applications such as subcutaneous tumor models and skin, head and neck region has more space constraints for probe positioning. Further, tumor locations may differ significantly for each patient, which may require different types of treatment fibers for each case; thus requiring adaptation of fiber-optic probe accordingly. Non-contact camera [52] and endoscope [53, 54] based probes may allow concurrent measurements for easily accessible tumors in the head and neck region. Measurements taken a while after PDT were avoided due to time constraints in the OR. Outside of the OR measurements were also avoided, because baseline blood flow values might be affected due to anesthesia and temperature effects. Further, unavailability of the surgeon outside of the OR could jeopardize the ability to coregister the measurement locations.
Conclusion
We presented preliminary results of photobleaching and changes in vascular parameters due to HPPH-mediated PDT in a recently initiated clinical study for head and neck cancer patients by utilizing non-invasive, fast diffuse optical techniques. HPPH-mediated PDT induced significant photobleaching and vascular destruction, causing substantial reduction of drug concentration, blood flow, oxygenation and blood volume fraction. The data indicate a qualitative agreement between non-invasive diffuse optical methods and a biopsy-based molecular marker, both reporting on photodynamic efficiency. Each parameter showed variable sensitivity to the therapy for this particular patient, thus emphasizing the need for simultaneous monitoring of multiple tissue parameters and the potential for individualized treatment planning. Therefore, extracted multi-parameters should be valuable for understanding and assessing the PDT dose adjustment and clinical response. Molecular analysis of the PDT reaction and non-invasively obtained functional parameters presented here have potentials to complement and support each other in evaluating PDT efficacy. The ongoing clinical trial and collection of data generating statistically significant data sets will assist in this endeavor.
